Mitochondrial dysfunction, which is consistently observed in Down syndrome (DS) cells and tissues, might contribute to the severity of the DS phenotype. Our recent studies on DS fetal hearts and fibroblasts have suggested that one of the possible causes of mitochondrial dysfunction is the downregulation of peroxisome proliferatoractivated receptor gamma, coactivator 1 alpha (PGC-1a or PPARGC1A)-a key modulator of mitochondrial function-and of several nuclear-encoded mitochondrial genes (NEMGs). Re-analysis of publicly available expression data related to manipulation of chromosome 21 (Hsa21) genes suggested the nuclear receptor interacting protein 1 (NRIP1 or RIP140) as a good candidate Hsa21 gene for NEMG downregulation. Indeed, NRIP1 is known to affect oxidative metabolism and mitochondrial biogenesis by negatively controlling mitochondrial pathways regulated by PGC-1a. To establish whether NRIP1 overexpression in DS downregulates both PGC1a and NEMGs, thereby causing mitochondrial dysfunction, we used siRNAs to decrease NRIP1 expression in trisomic human fetal fibroblasts. Levels of PGC-1a and NEMGs were increased and mitochondrial function was restored, as shown by reactive oxygen species decrease, adenosine 5 ′ -triphosphate (ATP) production and mitochondrial activity increase. These findings indicate that the Hsa21 gene NRIP1 contributes to the mitochondrial dysfunction observed in DS. Furthermore, they suggest that the NRIP1-PGC-1a axe might represent a potential therapeutic target for restoring altered mitochondrial function in DS.
INTRODUCTION
Data from several studies show that trisomy of chromosome 21 (TS21) affects both mitochondrial function and reactive oxygen species (ROS) production. Lower levels of the mitochondrial complexes I, III and V have been observed in the cerebellar and brain regions of subjects affected by Down syndrome (DS) (1) . Moreover, reduced mitochondrial redox activity and membrane potential have been observed in DS astrocytes and neuronal cultures (2, 3) . Further evidence for mitochondrial dysfunction was found in the Ts1Cje mouse model for DS that shows decreased levels of ATP production (4) . Similarly, fetal DS fibroblasts show both a decreased efficiency of the mitochondrial energy production apparatus, involving adenine nucleotide translocators, ATP synthase, and adenylate kinase and a selective deficit of complex I, which might contribute to ROS overproduction by DS mitochondria. These events were correlated with changes in the cAMP/PKA signaling pathway (5, 6) . Similar research conducted on human primary lines of fibroblasts (HFFs) from TS21 fetuses has revealed that TS21 disrupts mitochondrial morphology, decreases oxygen consumption, increases mtCa 2+ load and ROS production (7) . Moreover, by analyzing mitochondrial defects according to the cardiac phenotype, a more severe mitochondrial dysfunction was evidenced in cardiopathic-derived TS21 fibroblasts (7) . A possible interpretation of these results is † The authors wish to be known that, in their opinion, the first three authors should be regarded as joint First Authors. * To whom correspondence should be addressed. Tel: +39 0817463261; Fax: +39 0817463656; Email: anconti@unina.it # The Author 2014. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Human Molecular Genetics, 2014, Vol. 23, No. 16 4406-4419 doi:10.1093/hmg/ddu157 Advance Access published on April 3, 2014 that a more pronounced pro-oxidative state might contribute to generating a more severe cardiac phenotype-a concept that might be extended to other phenotypic traits. Studies of genomewide expression analysis in DS have demonstrated that nuclearencoded mitochondrial genes (NEMGs) represent the main downregulated category in fetal TS21 heart samples (8) . Downregulation is also manifest in DS fetal brains (9) . These observations led us to hypothesize that NEMG dysregulation is likely a cause of mitochondrial dysfunction in DS (8) . Among the dysregulated genes, the peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1a/PPARGC1A) has been found hypo-expressed at the transcriptional and protein levels in TS21 HFFs (7) . PGC-1a is indeed known to play a central role in regulating mitochondrial biogenesis and respiratory function through the interaction with transcriptional partners, such as NRF1, ERRa, PPARs and YY1 (10) .
A known repressor of PGC-1a activity is the nuclear receptor interacting protein 1 (NRIP1/RIP140) (11) (12) (13) . This protein is coded by a highly conserved chromosome 21 (Hsa21) gene with consistent dosage effect in many studies on DS samples (14) . NRIP1 acts as a scaffold protein recruiting regulatory factors, such as histone deacetylases (15) , COOH terminal binding protein (16) and histone metyltransferases (17) , to exert its co-repressive function. Furthermore, NRIP1 directly interacts with some nuclear receptors including PPARs, ERRs and ERs (18 -20) . More specifically, NRIP1 negatively controls the expression and the activity of PGC-1a as well as the expression of its targets. Indeed, in PGC-1a null mice (21, 22) , as well as in knock-in NRIP1 mice (23) , NEMG expression is decreased. Likewise, NRIP1 is always upregulated by 1.5-to 4-fold in the heart (8) and fibroblasts (7) from DS fetuses. NRIP1 protein is also increased in the hippocampal tissue from DS subjects (24) .
Thus, building upon previous research, in this study, we endeavored to provide new insights into the transcriptional changes influencing the molecular mechanisms associated with mitochondrial dysfunction in DS. In particular, we first investigated whether Hsa21 gene overexpression causes NEMG downregulation by focusing on those Hsa21 genes, transcription factors, and kinases that have the highest probability of affecting the expression of many genes. To this aim, we analyzed the public expression data related to the manipulation of Hsa21 genes to investigate their effects on NEMG downregulation. These analyses led us to the identification of NRIP1 as a good candidate for the downregulation of mitochondria-related genes in DS.
Then, to determine whether NRIP1 downregulation can effectively counteract mitochondrial dysfunction and some of its pathophysiological effects, we attenuated NRIP1 expression in human fibroblasts from DS fetuses (DS-HFFs).
Understanding the molecular correlation between NRIP1 expression levels, NEMG regulation, and mitochondrial function could lay the basis for the development of new therapeutic protocols for DS.
RESULTS

Analysis of public expression data suggests that NRIP1 affects NEMG expression
Several Hsa21 genes can possibly interfere with NEMG expression. For instance, DYRK1A and DSCR1/RCAN1 play key roles in the calcineurin/NFAT pathway, which affects mitochondrial activity and morphology during heart development (25) . Two more genes, NRIP1 (23) and GABPA/NRF2 (26) are also involved in mitochondrial pathways.
To identify which Hsa21 gene might possibly downregulate NEMG expression, we screened the Gene Expression Omnibus (27) repository (http://www.ncbi.nlm.nih.gov/geo) for gene expression data related to the modulation of Hsa21 genes. We selected the GEO GSE 19836 experiment (28) , a set of data derived from a mouse embryonic stem cell (ESC) bank in which several orthologs of Hsa21 genes, with potential regulatory role, are individually overexpressed in an inducible manner. Expression data were available for 13 transcription factors (including NRIP1, RCAN1 and GABPA), the transcriptional activator RCAN1 and six protein kinases (including DYRK1A) (for details see Materials and Methods). We re-analyzed this series of data by focusing on the mitochondria-related categories and pathways dysregulated by the overexpression of each gene looking for Hsa21 genes that when overexpressed would induce NEMG downregulation. Among the 20 analyzed Hsa21 genes, only NRIP1, one of the seven genes that are considered 'effective' for the expression perturbation in the manipulated cells (28) , was able to cause NEMG downregulation when overexpressed. Our analysis showed that NRIP1 overexpression caused a significant enrichment of NEMGs among 298 downregulated genes. The 'Mitochondrion' was the most affected Cell Component Gene Ontology (GO) category (P , 0.0001) (Table 1 and Supplementary Material, Fig. S1 ), with a cluster of 37 downregulated genes. Motif enrichment analysis, by clustering downregulated genes on the basis of their promoter regions, revealed a significant enrichment (P , 0.005) in genes with the ERRa motif. Twenty-five downregulated genes, instead of the expected 10, showed promoter regions around the transcription start site containing the ERRa motif.
Neither DYRK1A, nor RCAN1, nor GABPA, all considered 'silent' genes (28) , caused NEMG downregulation when overexpressed.
Modulation of NRIP1 and PGC-1a expression dysregulates the same NEMGs downregulated in DS fetal hearts
To investigate whether the sets of genes regulated by NRIP1 and/ or PGC-1a showed any overlapping to the NEMGs downregulated in DS fetal hearts (8), we performed a meta-analysis comparing three sets of gene expression data, SET1, SET2 and SET3. SET1 included 123 genes which were both upregulated after NRIP1 silencing and downregulated after NRIP1 re-expression in mouse adipocytes (29) . SET2 included 129 genes which were upregulated after PGC-1a induction in SAOS2 cells (human osteoblast-like cells) (30) . SET3 included the 70 genes downregulated in DS fetal heart tissues (8) belonging to the 'mitochondrion' GO category (Supplementary Material, Table S1 ). The comparison was aimed at identifying genes consistently dysregulated across these studies.
The Venn Diagram shows that NEMGs in SET3, which were downregulated in DS fetal hearts, overlap with both SET1 and SET2 (Fig. 1A) . The three sets of genes overlap each other for at least 25 genes. Fifteen genes are consistently dysregulated across all three experiments (Fig. 1B) . Most of these genes are included in the electron transport chain, mainly in complex I, The 'Mitochondrion' is the category most affected by NRIP1 upregulation (enrichment ¼ 37 observed genes instead of 17.7 expected genes with P , 0.001). Table S1 . We previously demonstrated that NRIP1 is upregulated in DSHFFs in which Hsa21 trisomy negatively regulates NEMGs and impairs mitochondrial function (7) . To test the hypothesis that NRIP1 overexpression perturbs mitochondrial function and that this effect is associated with PGC-1a downregulation, we performed silencing experiments of NRIP1 gene in DS-HFFs. In brief, after re-analyzing all DS-HFF lines used for silencing experiments, we demonstrated that NRIP1 is significantly upregulated in all trisomic samples if compared with euploid controls (Fig. 2A) . Seventy-two hours after transfection of a specific SMART pool of siRNAs in DS-HFFs, an inverse correlation between NRIP1 and PGC-1a expression, in a siRNA dosage-dependent way, was demonstrated by qRT -PCR (Fig. 2B) . By immunofluorescence analysis, we demonstrated that the NRIP1 protein localizes to the cell nucleus, as expected for a corepressor protein, both in euploid and in trisomic fibroblasts (Fig. 3) . Fluorescent signal was more intense over nuclei of DS-HFFs ( Fig. 3B ) with respect to euploid HFFs (Fig. 3A) , indicating a higher concentration of the NRIP1 protein in trisomic cells. In these cells, some fluorescent signal was also present over the cytoplasm (Fig. 3B ) likely due to the overexpression of the NRIP1 protein. In DSHFFs treated with siRNAs to attenuate NRIP1 mRNA expression, NRIP1 fluorescent signal was significantly decreased in a siRNA dosage-dependent way (Fig. 3 ). Quantitative evaluation of fluorescence intensities in euploid, trisomic and siRNA transfected cells (Fig. 3F ) indicated that siRNA transfection reduces NRIP1 protein levels of trisomic cells down to the range of diploid cells or even lower ( Fig. 3D and E) .
To determine the effects of NRIP1 attenuation by siRNA on other mitochondria-related genes, we compared the expression of seven genes in silenced versus scrambled cells using qRT -PCR. Three genes, i.e. COX5A, NDUFA1 and NDUFS3, were chosen from the list of 15 genes that resulted consistently dysregulated across the three sets compared in the meta-analysis (Fig. 1) . The fourth gene, NRF1, which is downregulated in DS hearts (8) and fibroblasts (7), was chosen because of its role both as a PGC-1a partner and as its target. Finally, three other genes, i.e. ANT1/SLC25A4, ANT2/SLC25A5 and ANT3/ SLC25A6, which are downregulated in DS fetal fibroblasts (our unpublished data), were also chosen as PGC-1a targets (SET2, Supplementary Material, Table S1 ) (30) . ANT1/ SLC25A4 is downregulated in SET3 and after NRIP1 overexpression in the De Cegli's dataset (28) . The expression ratio of these genes in NRIP1-silenced DS-HFFs versus scrambled transfected DS-HFFs demonstrated that five out of seven analyzed genes were significantly upregulated after NRIP1 attenuation by siRNA (Fig. 4) .
Furthermore, to verify the effect of NRIP1 attenuation and consequent PGC-1a upregulation on the mitochondrial biogenesis, we used qRT -PCR to quantify D-LOOP and ACTIN gene expression in scrambled and silenced cells, as mitochondrial and nuclear markers, respectively. The average of the D-LOOP/ACTIN ratio increased by 2.5-fold in silenced trisomic cells (Fig. 5) , thereby suggesting that mtDNA content does increase after NRIP1 attenuation by siRNA and consequent PGC-1a overexpression.
Mitochondrial function is improved in DS-HFFs after NRIP1 attenuation by siRNA
We verified whether NRIP1 attenuation by siRNA, along with the consequent increases in PGC-1a and other mitochondrial genes, might counteract the mitochondrial dysfunction in trisomic cells. For this study, intracellular ROS production, mitochondrial activity, mitochondrial calcium and ATP content were evaluated in DS-HFFs after transient NRIP1 siRNA-mediated attenuation.
ROS production was measured by confocal microscopy imaging of cells treated with the redox-sensitive fluorescent * * P , 10
24
. P-values express statistical significance for euploid versus trisomic comparisons. (B) NRIP1 and PGC-1a expression levels in trisomic cells transfected with a scrambled siRNA and with a NRIP1-specific SMART pool of siRNAs. A decrease in the NRIP1 expression level corresponds to an increase of PGC-1a expression level in a siRNA-dependent way. Values represent the average determination + SEM for eight NRIP1-silenced DS-HFFs carried out in triplicate.
* P , 0.05, * * P , 0.01. P-values express statistical significance for NRIP1-silenced versus scrambled comparisons.
probe dichlorofluorescein (DCF). Seventy-two hours after transfection with NRIP1 siRNA, DCF-related fluorescence was lower with respect to scrambled DS-HFFs. Semi-quantitative analysis of fluorescent signals demonstrated that, on an average basis, the ROS-related DCF fluorescence decreased up to 50% in a siRNA dosage-dependent manner (Fig. 6) .
We then established whether decreases in ROS could depend on a rescue of respiratory chain complex activities. To this aim, we incubated silenced DS-HFFs with the specific mitochondrial superoxide indicator, MitoSOX Red. This reagent is a live-cell permeant that is rapidly and selectively targeted to mitochondria. Once in the mitochondria, MitoSOX Red reagent is oxidized by superoxide and exhibits red fluorescence. In experiments performed in NRIP1-silenced DS-HFFs, a reduction of the MitoSOX Red signal was demonstrated thus suggesting that the decrease in ROS was partially associated with mitochondrial activity (Fig. 7) .
Then, to confirm even further that NRIP1 attenuation by siRNA improves mitochondrial function, we incubated trisomic silenced cells with the MitoTracker Red dye, a reagent that stains mitochondria in live cells and whose accumulation is dependent ] m were measured as previously described (7) . In brief, DS-HFFs were transfected with a mitochondrially targeted aequorin (32) and then stimulated with histamine. This agonist elicited the production of inositol 1,4,5 trisphosphate (IP3) and the consequent release of Ca 2+ from the ER, through the IP3 receptor.
We found no significant differences in the mitochondrial [Ca 2+ ] m uptake in NRIP1-silenced DS-HFFs compared with control cells transfected with the non-targeting scrambled siRNA (42.0 + 2.6 versus. 38.7 + 3.9 mM, P ¼ 0.5) (Fig. 9) .
NRIP1 attenuation by siRNA strongly increases cellular ATP content Levels of phosphorylated adenosine nucleotides, including the universal energy carrier ATP, define the energy state in living cells and depend mainly on mitochondrial function (33) . In NRIP1-silenced DS-HFFs, we investigated the intramitochondrial ATP concentration ([ATP] m ). For this purpose, we used a chimera of the ATP-sensitive photoprotein luciferase specifically targeted to mitochondria (mtLuc) to obtain a dynamic monitoring of [ATP] m . Luciferase has been widely employed to measure ATP content both in isolated mitochondria and in intact cells; its reaction with luciferin produces a flash of yellowgreen light with a peak emission at 560 nm, the intensity of which is proportional to the amount of substrates in the reaction mixture.
We found that silenced DS-HFFs showed a very strong increase (+50%, P ¼ 10
) in basal ATP content, calculated by the luminescence values of the plateau generated after the * * P , 10 24 . P-value expresses statistical significance for NRIP1-silenced versus scrambled comparisons. (Fig. 10) . Since basal ATP content is highly dependent on the abundance of transfected luciferase, we determined the exact amount of the luciferase transduced under our experimental conditions through an immunoblot assay. We found that the levels of luciferase protein transduced in NRIP1-silenced DS-HFFs were comparable with those detected in control cells transfected with the non-targeting scrambled siRNA (Fig. 11) .
Human Molecular
In parallel, NRIP1-silenced cells were slightly decreased in mitochondrial ATP production 72 h after transfection. This was calculated by subtracting the basal cellular luminescence plateau, generated after the addition of luciferin, from the luminescence values of the second plateau, generated after the addition of the Ca 2+ mobilizing agent histamine (Fig. 10) .
DISCUSSION
This study originates from previous analyses demonstrating a global mitochondrial dysfunction in several DS models (1 -4) 4412
and a significant dysregulation of NEMGs in the heart (8), brain (9) and fibroblasts (7) from human fetuses with DS. From these studies, it emerged that genes and transcription factors responsible for the activity of respiratory complexes and mitochondrial biogenesis are globally repressed. Thus, we speculated that most of the underexpressed NEMGs might be under the same regulatory control and that this control might be affected by the trisomy of Hsa21. In the present study, we looked for a regulator of NEMGs that maps to Hsa21 and that is upregulated in DS samples, by the virtue of a gene dosage effect. To this aim, we re-evaluated the expression data from the GEO repository (http://www.ncbi.nlm.nih.gov/geo) by focusing on an experiment in which regulatory genes mapping to Hsa21 were individually overexpressed in mouse ESCs (28) . Our analysis demonstrated that only one gene is able to cause NEMG downregulation and that no other Hsa21 tested gene exerts such an effect. This gene is NRIP1 which encodes for a corepressor protein.
Although the mean dysregulation of each NEMG elicited by NRIP1 overexpression was not very strong, the number of affected genes was significantly enriched (P , 0.001). The role of NRIP1 in mitochondrial dysfunction is supported by previous findings demonstrating that both in cellular and in animal models NRIP1 silencing upregulates the expression of genes responsible for mitochondrial biogenesis and oxidative phosphorylation, whereas NRIP1 re-expression downregulates them (29, 23) . Experiments of NRIP1 manipulation, performed in transgenic mice and human cells, have actually demonstrated that even mild variations in NRIP1 expression can significantly affect oxidative metabolism and mitochondrial biogenesis (11, 23, 29, 34 ). We also considered the possible effects of the overexpression of other Hsa21 genes that have previously been implicated in the regulation of mitochondrial function such as DYRK1A, DSCR1 and GABPA, but none of these genes turned out to regulate per se NEMG expression. GABPA, in particular, is a nuclear respiratory factor that would be expected to downregulate mitochondria-related genes when it is downregulated. However, GABPA is never downregulated in DS samples. Indeed it was normoregulated in DS fetal hearts (8) , upregulated in DS fetal fibroblasts (7) and inconsistently dysregulated in Vilardell's meta-analysis (14) .
On the other hand, the effect of NRIP1 on NEMG expression could be further reinforced by another Hsa21 gene, SUMO3, as sumoylation modulates NRIP1 activity (35) . We thus speculate that the simultaneous upregulation of both NRIP1 and SUMO3 exerts a synergistic effect on mitochondrial dysfunction.
NRIP1 is supposed to exert a repression of mitochondrial biogenesis by either interacting with nuclear receptors (19, 18) or regulating PGC-1a activity (10,12,13). PGC-1a knockout mice show not only a decreased number of mitochondria but also a decreased respiratory capacity in skeletal muscle (21) . In particular, under physiological conditions, PGC-1a, by coactivating several transcription factors, including nuclear receptors such as PPARg, PPARa and ERRa, promotes mitochondrial biogenesis and regulates mitochondrial respiratory efficiency (10, 21, 36) . Interestingly, among the 37 NEMGs downregulated after NRIP1 induction in the GEO GSE 19836 experiment (28), we observed an enrichment both of genes involved in PPARs pathways (8 genes) and of genes containing the ERRa motif in their promoter regions (25 genes) (P , 0.0005). Notably, the known targets of PGC-1a, namely, CIDEA (12) and ANT1/ SLC25A4 (30), are included in the list of genes that are downregulated following NRIP1 overexpression (28) . Moreover, to investigate whether the NEMGs repressed by NRIP1 and induced by PGC-1a corresponded to the NEMGs downregulated genes in DS fetal hearts (8), we performed a meta-analysis by comparing our microarray data with the results of two experiments in which the gene expression of NRIP1 or PGC-1a was modulated. We found that the correspondence between the three sets of genes was remarkably high, considering that they all derived from different species, tissues and experimental approaches. The high number of overlapping genes in SET1 and SET2 is in agreement with previous research indicating an interrelationship between PGC-1a and NRIP1 activity on mitochondrial pathways (11) .
These results, combined with the data from previous research, finally led us to verify the potential role of NRIP1 in mitochondrial dysfunction in DS. When we transiently attenuated NRIP1 in trisomic fibroblasts, we demonstrated an inverse correlation between NRIP1 and PGC-1a expression. Accordingly, we found that this attenuation induced the upregulation of five out of seven genes randomly chosen in SET3, all of which overlapped with the lists of genes regulated by NRIP1 (SET1) and/or PGC-1a (SET2). Moreover, NRIP1 siRNA-mediated attenuation in DS-HFFs, and the consequent PGC-1a and NRF1 upregulation, elicited a significant increase in mtDNA. This result fully corroborates similar experiments performed in cardiomyocytes (11) .
In the same trisomic fibroblasts, ROS production was decreased and mitochondrial activity was increased, demonstrating that the induction of NEMG expression in silenced DS-HFFs counteracts mitochondrial impairment and partially rescues mitochondrial function. However, no significant alterations of mitochondrial [Ca 2+ ] were observed after NRIP1 attenuation by siRNA. A possible explanation to this phenomenon is either that 72 h is not a sufficient time to determine detectable differences in Ca 2+ uptake or that many other mechanisms affect calcium uptake in TS21 cells, e.g. the trisomy of genes 
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Human Molecular Genetics, 2014, Vol. 23, No. 16 involved in the calcineurin pathway (DYRK1A and DSCR1) (25) . Other Ca 2+ regulators could play a role. Interestingly, in NRIP1-silenced trisomic cells, we found a significant 50% increase in the basal ATP content. These results, together with the finding that NRIP1 attenuation by siRNA leads to an increase in the adenine nucleotide translocators ANT1/SLC25A4 and ANT2/SLC25A5 (Fig. 4) , suggest that a more efficient exchange of ATP is induced, thus benefitting the mitochondrial activity and function of these cells, as demonstrated by the reduction in ROS production at the mitochondrial level (Fig. 7) .
Supporting evidence for the opposite effects of NRIP1 and PGC-1a on mitochondrial function and NEMG regulation is that in neonatal rat cardiomyocytes NRIP1 mediates an antagonistic role versus PGC-1a in the regulation of mitochondrial energy metabolism (11) . Indeed, overexpressed NRIP1 abrogates PGC-1a-mediated induction of mitochondrial membrane potential and mitochondrial biogenesis (11) . Furthermore, the NRIP1-dependent repression of genes involved in mitochondrial function is closely linked with post-natal impaired cardiac function as a result of reduced mitochondrial electron-transport chain activity and oxygen consumption. NRIP1 hyperexpressing mice are indeed affected by cardiac hypertrophy (34) .
NRIP1 and PGC-1a are also involved in glucose uptake and therefore in the physiopathology of diabetes through the regulation of the insulin sensitive glucose transporter GLUT4 expression and its sub-cellular localization (37) . These findings correlate with the fact that cardiac hypertrophy and diabetes are two important post-natal complications of DS.
Mitochondrial dysfunction might also contribute to determining DS mental retardation and other DS-associated post-natal pathologies, such as Alzheimer's disease (AD) and obesity. It is known that mitochondria also play a central role in many neurodegenerative diseases such as AD, Parkinson's disease, Huntington's disease and amyotrophic lateral sclerosis. Impaired energy metabolism, defective mitochondrial enzymatic activity, abnormal mitochondrial respiration, mutated mtDNAs and oxidative stress are all common features of these neurodegenerative conditions (38) .
It is interesting to note that the bioinformatic functional analysis of the 25 genes overlapping SET1 (genes regulated by NRIP1) and SET3 (genes downregulated in DS fetal hearts) showed that 16 out of 25 genes characterized the mitochondrial dysfunction pathways described in neurodegenerative diseases such as AD and Parkinson's disease [KEGG Pathways http ://www.genome.jp/kegg/ (39)]. However, given that there is a high prevalence of AD in DS patients, we cannot neglect the possibility that the overexpression of the Hsa21 gene APP might have a main role in the development of AD in DS patients.
Taken all together our study indicates that NRIP1 is a key gene in the regulation of the mitochondrial pathways and that it is linked to mitochondrial dysfunction in DS. Accordingly, this should be taken into account when planning therapeutic approaches aimed at improving functions and cognitive performance in DS mouse models. Many of these models are indeed inadequate since they are not trisomic for all Hsa21 genes and may also have duplications of regions non-syntenic to Hsa21. This is true, for instance, for the very popular Ts65Dn mouse that, among other Hsa21 genes, is not trisomic for either NRIP1 or SUMO3. Thus, preclinical models of Ts65Dn will be unable to address all phenotypic problems and we speculate that clinical trial oftentimes fails because the overexpression of important genes such as NRIP1 is not taken into account.
Our results do highlight that NRIP1 plays a relevant role in DS mitochondrial dysfunction, as evidenced by the ability of NRIP1 inhibition to counteract mitochondrial dysfunction. However, we cannot rule out the likelihood that other genes may, in fact, be involved. A case in point is that the DS mouse model Ts1Cje manifests mitochondrial dysfunction even though it is not trisomic for either NRIP1 or for SUMO3. Thus, further studies are indeed warranted to identify additional genes possibly responsible for DS mitochondrial alterations.
Finally, these results provide the basis for clinical trials aimed at restoring mitochondrial function in DS subjects to counteract specific phenotypic features such as neurodegeneration, cardiac hypertrophy, diabetes and obesity. Such therapeutic approach would be highly desirable considering that the very few therapeutic approaches undertaken so far in this direction using antioxidants and nutraceutics have yielded either poor or discordant outcomes (40, 41) .
Thus, we speculate that a possible therapeutic approach in DS could be based either on PGC-1a activators, which have been tested in other disease mouse models (42) (43) (44) (45) , or on PPARg agonists, which attenuate mitochondrial dysfunction in AD mouse models (46) (47) (48) (49) (50) (51) . Such drugs are already routinely used in clinical practice for the treatment of metabolic syndromes, type 2 diabetes, and neurodegenerative diseases such as AD (52) (53) (54) .
In conclusion, our study has provided further insights into the transcription factors that influence mitochondrial dysfunction in DS. Our findings could indeed pave the way for the development of new and more effective drugs capable of selectively targeting the intricate set of molecular mechanisms underlying the pathogenesis of this disease.
MATERIALS AND METHODS
Analysis of public expression data
A set of expression data from GSE 19836 series (28) was obtained from Gene Expression Omnibus repository GEO (http://www.ncbi.nlm.nih.gov/geo). This set of data was derived from the analysis of a mouse ESC bank in which 32 orthologs of human chromosome 21 genes, including transcription factors and protein kinases, were individually overexpressed in an inducible manner. A set of clones individually overexpressing 20 of the 32 genes, namely 13 transcription factors (Aire, Bach1, Erg, Ets2, Gabpa, Nrip1, Olig1, Olig2, Pknox1, Runx1, Sim2, ZFP295, 1810007M14Rik), one transcriptional activator (Dscr1-Rcan1) and six protein kinases (DYRK1A, SNF1LK, Hunk, Pdxk, Pfkl, Ripk4), was transcriptionally profiled under inducing and non-inducing conditions with Affymetrix Gene Chip Mouse 430_2. Specifically, RNAs from three induced mouse ESCs and three controls were profiled for each inducible Hsa21 gene (28) . In our analysis, we used GeneSpring software vers. 11.5 Multi -Omic Analysis (Agilent technologies, Inc.) for data interpretation; however, our criteria were different from those used by the authors of the gene expression dataset, focusing on downregulated genes. We considered genes differentially expressed with a Fold change (LogFC) .0.3 and ,20.3 with P , 0.05, (55, 56) . Special attention was given to mitochondria-related categories and pathways.
Meta-analysis
We compared three sets of gene expression data from different experiments, to identify genes consistently dysregulated across the three studies. The first set, SET1, included genes dysregulated by Nrip1 modulation in mouse adipocytes (29) . The second set, SET2, included genes upregulated after PGC-1a induction in SAOS2 cells (human osteoblast like cells) (30) . The third set included mitochondria-related genes, downregulated in DS fetal heart tissue (8). The three sets were filtered according to the GO cell component category 'mitochondrion' with the above-mentioned Web-based Gene Set Analysis Toolkit V2. The resulting genes-123 genes in SET1, 129 in SET2 and 70 in SET3 (Supplementary Material, Table S1 )-were intersected using the R software (http://www.R-project.org/). A Venn diagram was built, which shows overlapping genes across the three sets.
Ethics statement
HFFs were obtained from the 'Telethon Bank of Fetal Biological Samples' at the University of Naples. All experimental protocols were approved by the local Institutional Ethics Committee.
Samples
Eight skin biopsies were explanted from human fetuses with trisomy of Hsa21 (DS-HFF) after therapeutic abortion at 18-22 gestational weeks. Fibroblasts from biopsies were cultured in T25 flasks (BD Falcon) with Chang medium B + C (Irvine Scientific) supplemented with 1% penicillin/streptomycin (Gibco) at 378C in 5% CO 2 atmosphere; all the analyses described throughout this study were carried out at cell culture passages 4 -5.
Transfection protocol
NRIP1 was transiently silenced in eight DS-HFF lines using a pool of specific NRIP1-siRNAs (ON-TARGETplus SMARTpool, Dharmacon), with negative (ON-TARGETplus SMARTpool Non-targeting siRNAs control, Dharmacon) and positive controls (ON-TARGETplus SMARTpool, GAPDH siRNAs, Dharmacon). Interferin transfection reagent (Polyplus transfection) was used. Cells were plated on 12-well plates (50 000 cells/ well) for RNA collection, on 35 mm diameter plates with 20 mm slides (Delchimica) (50 000 cells/well) for ROS production analysis and on 24-well plates (30 000 cells/well) (BD Falcon) for immunofluorescence and mitochondrial activity assays. DS-HFFs were transfected with 5 and 20 nM siRNA according to the manufacturer's protocol (Polyplus transfection). Seventytwo hours after transfection, the effects of NRIP1 siRNAmediated attenuation were evaluated.
NRIP1 immunofluorescence
For the evaluation of NRIP1 protein by immunofluorescence, 30 000 cells were plated in 24-well plates on 12-mm diameter round glass coverslips. Cells were fixed in 3 : 1 methanol: acetic acid for 15 min, washed twice with PBS and then incubated twice in 0.1 M borate buffer pH 8.5 for 10 min to neutralize the pH. After two washes with PBS, the cells were incubated with DNase 1 : 10 in RDD buffer (Qiagen) at 378C for 1 h and then treated with 2% BSA in PBS to block non-specific proteinprotein interactions. The cells were then incubated with the antibody anti-NRIP1 (30 mg/ml, ab42126 Abcam, Cambridge Science Park, Cambridge, UK) overnight at +48C. The secondary antibody (green) was Alexa Fluor w 488 goat anti-rabbit IgG (H + L) used at a 1/200 dilution for 1 h (57). Cells were finally mounted in 50% glycerol in PBS. Immunofluorescence analysis was performed at a confocal laser scanning microscope LSM 510 (Zeiss, Gottingen, Germany) equipped with an Argon ionic laser whose l was set at 488 nm, and an HeNe laser whose l was set at 633 nm. Emission of fluorescence was revealed by a BP 505-530 band pass filter for Alexa Fluor 488 and by a 615 long pass filter for DRAQ5. Images were acquired at a resolution of 1024 × 1024 pixels. Analysis of data was performed with the ImageJ software, version 1.37 (58) . Fifty random single cells were analyzed for each imaging analysis.
Laser scanning confocal microscopy live cell imaging of ROS production
For the evaluation of ROS production after NRIP1 siRNA transfection, 50 000 cells were plated on 25-mm diameter round glass coverslips in an Attofluor cell chamber (Molecular Probe, Leiden, the Netherlands). Seventy-two hours later, the cells were incubated for 15 min at 378C with 10 mM of 2,7-dichlorofluorescin diacetate (DCF-DA) which is converted to DCF by intracellular esterases, for detection of H 2 O 2 , or with 5 mM of MitoSOX TM Red reagent (Life Technologies, Molecular Probes), which is a live-cell permeant and is rapidly and selectively targeted to the mitochondria. Once in the mitochondria, MitoSOX TM Red reagent is oxidized by superoxide and exhibits red fluorescence. After incubation, cells were washed three times with medium without serum. To maintain the cells alive during observation and to create the proper environmental conditions, the specimen was placed in an Oko Lab (Na, Italy) Water Jacket Top Stage Incubator, kept at 378C, under humidified condition of 5% CO 2 and 95% air by means of temperature controllers, gas mixers and humidifiers right on the microscope.
The analysis of immunofluorescence was performed with a confocal laser scanner microscopy Zeiss LSM 510 (Carl Zeiss, Gottingen, Germany), equipped with Argon ionic laser whose l was set at 488 nm, an HeNe laser whose l was set at 546 nm and an immersion oil objective 63×/1.4f. Emission of fluorescence was revealed by BP 505-530 band pass filter for DCF and 560 Long Pass for MitoSOX Red. Images were acquired in the green or in the red channels and then saved in TIFF format to prevent the loss of information. They were acquired with a resolution of 1024 × 1024 pixel with the confocal pinhole set to one Airy unit.
Analysis of data was performed with the ImageJ software, version 1.37. Fifty random single cells were analyzed for each imaging analysis.
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Mitotracker immunofluorescence
For the evaluation of mitochondrial activity, MitoTracker w Red CMXRos (Molecular Probes) was chosen. MitoTracker w probes passively diffuse across the plasma membrane and accumulate in actively respiring mitochondria. Thirty-thousand cells were plated on 24-well plates on 12 mm diameter round glass coverslips and then incubated with 150 nM of Mitotracker Red for 30 min. After incubation cells were fixed for 20 min in PBS containing 4% paraformaldehyde (Sigma) and then washed once with PBS 1×. Nuclei were stained with the DNA intercalant DRAQ5 (Bio status, Alexis Corporation). Cells were finally mounted in 50% glycerol in PBS. Immunofluorescence analysis was performed with a confocal laser scanning microscope LSM 510 (Zeiss, Gottingen, Germany). The lambda of the two HeNe lasers was set at 546 and at 633 nm. Fluorescence emission was revealed by BP 560-615 band pass filter for Mitotracker Red and by a 615-long pass filter for DRAQ5. Double staining immunofluorescence images were acquired separately in the red and infrared channels at a resolution of 1024 × 1024 pixels, with the confocal pinhole set to one Airy unit, and then saved in TIFF format. Fifty random single cells were analyzed for each imaging analysis using the ImageJ version 1.37.
RNA extraction and quantitative real-time PCR
Total RNA from each sample was extracted using TRIzol reagent (Gibco/BRL Life Technologies, Inc., Gaithersburg, MD) and was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Real-time PCR was performed using iQ Supermix SYBR Green 2× on a Bio-Rad iCycler according to the manufacturer's protocols. PCR reactions were performed in triplicate. Primer pairs (MWG Biotech, Ebersberg, Germany) were designed using the Primer 3 software (http://frodo.wi.mit.edu/primer3) to obtain amplicons ranging from 100 to 150 base pairs. Expression values were normalized either versus scrambled transfected cells or versus scrambled transfected euploid cells. ABELSON and GAPDH housekeeping genes were chosen as reference genes.
mtDNA quantification
To quantify the mtDNA content, we selected two genes: D-LOOP as the mitochondrial target and ACTIN as the nuclear target. Both targets were quantified by qRT -PCR using cDNA reverse-transcribed from RNA of three NRIP1-silenced trisomic samples and scrambled control. Normalization of gene expression was obtained using the ABELSON gene as housekeeping. The ratio between D-LOOP and ACTIN expression under each condition (NRIP1-silenced or scrambled trisomic cells) was calculated.
Aequorin measurement
A chimeric aequorin targeted to the mitochondria (mtAEQmut) was used as a probe. For the experiments with mtAEQmut, cells were incubated with 5 mM coelenterazine (Fluka, 7372) for 1-2 h in DMEM supplemented with 1% FBS. A coverslip with transfected cells was placed in a perfused thermostated chamber located in close proximity to a low-noise photomultiplier with a built-in amplifier/discriminator. All aequorin measurements were performed in KRB supplemented with 1 mM CaCl 2 . Agonist was added to the same medium as specified in figure legends. The experiments were terminated by lysing cells with 100 mM digitonin in a hypotonic Ca 2+ -containing solution (10 mM CaCl 2 in H 2 O), thus discharging the remaining aequorin pool. The output of the discriminator was captured by a Thorn EMI photon-counting board and stored in an IBM-compatible computer for further analyses. The aequorin luminescence data were calibrated offline into [Ca 2+ ] values using a computer algorithm based on the Ca 2+ response curve of mutant aequorins.
Immunoblotting
For immunoblotting, cells were scraped into ice-cold phosphatebuffered saline and lysed in a modified 10 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 1% Triton X-100, 10% glycerol, 10 mM EDTA and protease inhibitor cocktail. 
Luciferase measurements
Cells were seeded on glass coverslips (13 mm in diameter) for single sample luminescence measurements and allowed to grow until 50% confluence. The cells were then transfected with a cytosolic (untargeted) firefly luciferase and a mtLuc (59, 60) . Cell luminescence was measured in the same purpose-built luminometer used for the aequorin measurements, constantly perfused with KRB, supplemented with 1 mM CaCl 2 and 20 mM luciferin. The light output of a coverslip of infected cells was in the range of 1000 -10 000 counts per second (cps) versus a background ,10 cps. All compounds employed in the experiments were tested for non-specific effects on the luminescence, but none was observed.
Statistics
The ANOVA test, with a Bonferroni post hoc correction in case of multiple comparisons, was applied to evaluate the statistical significance of differences measured throughout the datasets presented. The threshold for statistical significance (P-value) was set at 0.05.
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